ABSTRACT Although a brown rot fungus, Gloeophyllum trabeum (Pers.) Murrill, has been shown to be attractive and beneÞcial to subterranean termites, including Coptotermes formosanus Shiraki (Isoptera: Rhinotermitidae), no research has been conducted to determine whether the association is mutualistic. We Þrst investigated whether the fungus could be spread by C. formosanus, because this would represent an obvious beneÞt to the fungus. We found that Formosan subterranean termites did not spread G. trabeum, rather they suppressed its growth. To further investigate this phenomenon, wood chips were inoculated with G. trabeum, and fungal growth was measured in treatments with termites or without termites (controls). A signiÞcant suppression of fungus growth was found only in treatments where termites were present. This antagonistic interaction between the termites and fungus was further investigated by placing wood chips from the termite treatments on potato dextrose yeast agar medium to determine G. trabeum survivorship. Although G. trabeum did not grow, many green-spored fungi developed, including Aspergillus flavus Link and Trichoderma spp. We hypothesize that these green-spored fungi are carried by termites and that they may play a role in suppressing the growth of G. trabeum.
Interactions between insects and fungi range from antagonistic to mutualistic, and they include many spectacular examples of complex symbioses (Martin 1992) . Many interrelations between termites and fungi, however, remain unknown. The nutritional value of wood to termites is increased when the wood is deteriorated by certain basidiomycetes of the brown rot type (Light and Weesner 1947 , Becker 1965 , Williams 1965 , Ruyooka 1979 . Wood-decaying fungi may furnish nitrogen, vitamins, and other substances beneÞcial to termites (Becker 1976) ; they also may break down toxic volatile materials in wood (Ebeling 1975) .
Coptotermes niger Snyder attacks only Pinus caribaea
Moreler heartwood when it is infected with a brown rot fungus, Lentinus pallidus Berk and Curt (Perry et al. 1985) . L. pallidus breaks down the toxic or repellent substances in the heartwood of P. caribaea and makes the wood suitable for C. niger (Williams 1965) . Becker (1965 Becker ( , 1971 Becker ( , 1976 worked with several different brown rot fungi and showed that wood consumption by Kalotermes flavicollis F., Heterotermes indicola Wasmann, and Reticuliermes santonensis Feytaud was greater on wood decayed by brown rot fungi than noninfected wood. Furthermore, K. flavicollis incipient colonies were Þve times larger when maintained on decayed wood rather than undecayed wood (Becker 1965 (Becker , 1976 . Mortality of H. indicola was high when they were maintained on undecayed wood compared with decayed wood; in addition, the average weight of termites fed on decayed wood was double that of termites maintained on undecayed wood (Becker 1965 (Becker , 1976 .
It is not only the termites that beneÞt from this association but also the fungi. Termites were found to be capable of transporting fungal spores and hyphae (Hendee 1933) . The ability of termites to carry fungi was demonstrated by the isolation of fungi from the integument and from the gut of termites and by the observation of hyphae, conidiophores, and conidia clinging to the body and appendages of termites (Hendee 1933) . Fungi belonging to the class Basidiomycetes were isolated from colonies of Kalotermes minor Hagen, Reticulitermes hesperus Banks, and Zootermopsis angusticollis Hagen (Hendee 1934) . "Colony" in that study was deÞned as termites, fecal pellets, loose detritus, frass in their tunnels, and also wood incorporated into walls of the tunnels. Termites were shown capable of accumulating large tufts of hyphae on their legs while walking across cultures of nonspore-bearing Basidiomycetes (Hendee 1934) . Cultures made from the guts of the termites yielded abundant growth of the fungi on which the termites had been feeding (Hendee 1934) . The galleries formed by termites in perfectly sound wood are soon infected with fungi (Ebeling 1975 ). These studies show that termites may help the fungi by transporting and spreading them to new areas.
Formosan subterranean termites, Coptotermes formosanus Shiraki, are native to southern China (Kistner 1985) . The Formosan subterranean termite is currently one of the most destructive pests in the United States (Su and Tamashiro 1987, Lax and Osbrink 2003) . The costs associated with subterranean termite damage and control are estimated to approach $2 billion annually in the United States (Culliney and Grace 2000) . In the city of New Orleans alone, the control and repair costs due to Formosan termites was estimated at $300 million annually (Suszkiw 1998) .
Gloeophyllum trabeum (Pers.) Murrill, which is a brown rot fungus, belongs to the phylum Basidiomycota (Gilbertson and Lindsey 1975) . It is characterized as a brown rot fungus because it degrades and depolymerizes lignocelluloses of the wood and leaves the pigmented lignin biopolymers oxidized but intact. This process results in the darkening of the affected substrate in addition to the deterioration of its mechanical properties (Highley et al. 1994) .
Interactions between G. trabeum and subterranean termites gained importance when Esenther et al. (1961) showed that wood decayed by brown rot fungus is attractive to Reticulitermes flavipes Kollar, R. virginicus Banks, and Nasutitermes columbicus Holmgren. It has been shown through many additional studies that wood decayed by the fungus G. trabeum produces an attractant for R. flavipes (Allen et al. 1964; Esenther and Coppel 1964; Smythe et al. 1965 Smythe et al. , 1967a Smythe et al. , 1967b Smythe et al. , 1971 Beard 1974) as well as other species of Reticulitermes (Becker 1965; Becker and Lenz 1975) and Coptotermes (Matsuo and Nishimoto 1974, Becker and Lenz 1975) .
The same chemical responsible for trail forming, (Z,Z,E)-3,6,8-dodecatrien-1-ol has been isolated from wood decayed by G. trabeum (Smythe et al. 1967b , Matsumura et al. 1968 and from whole body extracts of R. virginicus (Matsumura et al. 1969 ) and C. formosanus (Tokoro et al. 1992) . Observations of R. flavipes suggested that a fungal product might be helping termites locate the decaying wood (Esenther et al. 1961) . Shelter tubes built by this termite on buildings and trees invariably led directly to dead and decaying wood (Esenther et al. 1961) .
These lines of evidence indicates that C. formosanus beneÞts from G. trabeum. However, no studies have been conducted to examine whether G. trabeum beneÞts from this association with Formosan subterranean termites. The objective of this study was to answer the following questions: 1) Does C. formosanus spread G. trabeum from infected wood to uninfected wood? and 2) What is the effect of C. formosanus on the growth of G. trabeum? Experimental Setup. Our experimental units were six-chambered polypropylene containers (Fig. 1) . Twenty-Þve grams of moistened sand was added to the Þrst chamber of the container, and 70 g of moistened sand was added to the rest of the chambers. An uninfected wood chip was placed in the last chamber (Fig. 1) . All the containers along with the sand and uninfected wood were autoclaved. G. trabeum-infected wood was placed in the Þrst chamber of the autoclaved containers (Fig. 1) . A hole was made in the separator of each chamber to allow the termites to move from one chamber to another. Fifty worker termites and Þve soldiers were released in to the Þrst chamber. Termites were not added to the controls. In total, 16 containers were prepared, eight for each colony. Four containers were with termites and four without termites. Containers were then placed in an incubator at 25ЊC for 20 d.
Materials and Methods

Spread of
Data Collection. Observations were made daily to check for fungus growth on uninfected wood chips. After 20 d of incubation, cultures were made from the original G. trabeum-infected wood chips from chamber 1, previously uninfected autoclaved wood chips from chamber 6, and the integument and guts (digestive tracts) of six living termites collected from several of the six chambers. These cultures were made to determine whether G. trabeum is carried on the surface and in the gut and whether the termites spread the fungus to uninfected wood chips. Cultures of fungus infected wood chips and uninfected wood chips were made by placing each wood chip on PDYA medium in a petri dish. For integument cultures, six termites were haphazardly picked from each experimental unit. Two termites were added per petri dish with PDYA medium, and they were allowed to walk for about a minute and then their bodies were gently rubbed on to the medium and removed. To prepare gut cultures, again six termites were haphazardly picked from each experimental unit. Termites were surface sterilized with 1% NaClO, rinsed three times with sterile distilled water and then dried on sterilized Þlter paper. Gut (mid and hindgut) of each termite was pulled out gently with sterile forceps and then streaked on to PDYA medium in a petri dish. Two termite guts were streaked on to each petri dish. All the petri dishes (n ϭ 80) were sealed with ParaÞlm and incubated at 25ЊC for 2Ð3 d. Any fungi growing were subcultured and morphological observations were made to determine whether they were G. trabeum.
Effect of C. formosanus on Growth of G. trabeum. Termite Colonies. Four laboratory-maintained termite colonies were used to evaluate the growth of G. trabeum in their presence. Colony A and B were same the as the colonies used for the previous experiment. Colonies C and D were collected from Brechtel Park, New Orleans, LA on 18 August 2004, and they were maintained in 150-liter containers with pine (Pinus spp.) wood in the laboratory until the day of the experiment (15 October 2004).
Experimental Setup. Spruce pine Þr wood chips of 3.5 by 2 by 0.5 cm were soaked in double distilled water for 15 min and then autoclaved. An autoclaved, wet wood chip was placed in each sterile petri dish. A loop full of G. trabeum was inoculated on to the autoclaved wet wood chip. Fifty worker termites were then released into each petri dish. No termites were added to controls. The entire procedure was done under a laminar airßow chamber (Edgegard, The Baker Company, Sanford, ME). Petri dishes were then sealed with ParaÞlm and were incubated at 25ЊC for 6 d. Twentyeight petri dishes were prepared for colonies B and C, 14 petri dishes with termites and 14 without termites. Fourteen petri dishes were prepared for colonies A and D, seven with termites and seven without termites. Length and breadth of the fungal growth were measured with ruler scale on the sixth day of incubation to obtain the total growth of the fungus. Data were analyzed using analysis of variance (ANOVA) PROC MIXED (SAS Institute 2002). Wood chips from termite treatments were then placed on PDYA medium to determine the survival of the inoculated fungus. Growth of G. trabeum was recorded 7 d after wood chips were placed on PDYA medium. (Table 1) . Surprisingly, G. trabeum was not isolated, even from the original G. trabeum-infected wood chips from treatments with termites; however. several other fungi were isolated from these cultures ( Table 1) .
Results
Spread of G. trabeum by C. formosanus. G. trabeum was isolated only from G. trabeum-infected wood chips from treatments without termites and not from any of the cultures made from treatments with termites
Effect of C. formosanus on Growth of G. trabeum. Growth of G. trabeum was signiÞcantly suppressed in treatments with termites compared with treatments without termites (F ϭ 69.53; df ϭ 1, 76; P Ͻ 0.0001) (Figs. 2 and 3) . G. trabeum growth did not signiÞcantly differ between termite colonies (F ϭ 1.18; df ϭ 3, 76; P Ͼ 0.3218) (Fig. 2) ; colonies and treatments did not interact (F ϭ 0.05; df ϭ 3, 76; P Ͼ 0.9839). Suppressed G. trabeum on treatments with termites did not grow when cultured on PDYA, but several fungi with greencolored spores were predominant.
Discussion
The results of our experiments did not support our hypothesis that C. formosanus could spread G. trabeum or that the association between them is mutually beneÞcial. G. trabeum was not isolated from the integument or gut cultures, which shows that termites were not carrying G. trabeum on their surface or in their guts. Also, G. trabeum was not isolated from the uninfected wood chips from treatments with termites. This indicates that termites were unable to physically spread G. trabeum from infected wood chips to uninfected wood chips. Esenther and Coppel (1964) observed that attractiveness of G. trabeum is very low or absent when cottony mycelia are present. Stages of decomposition Presence (؉) or absence (؊) of G. trabeum and other fungal cultures from various substrates in with or 
by several brown rot fungi, including G. trabeum Madison 617, corresponding to a weight loss of the pinewood of Ϸ6 Ð12% are more attractive to K. flavicollis, H. indicola, and R. santonensis (Becker 1965 ). Becker also showed that pinewood decayed by G. trabeum Madison 617 was strongly attractive to K. flavicollis, H. indicola, and R. santonensis at an early stage of attack. This led to the speculation of G. trabeum being not very attractive or even possibly being repellent to C. formosanus at later stages of decay. If this was the case termites would not have come in contact with G. trabeum-infected wood chips to carry and spread it to uninfected wood chips. C. formosanus was not repelled by G. trabeum in our experiments. The termites were initially released onto G. trabeum-infected wood, and their apparent consumption of wood was observed throughout the experiment. Also, the wood in our experiments was decayed for only 20 d. At 20 d, the percentage weight loss of southern pine, Pinus spp. L., decayed by G. trabeum Madison 617 is Ϸ3Ð5% (Curling et al. 2002) . Matsuo and Nishimoto (1974) extracted pine wood decayed by G. trabeum (CS 30) up to 3.99% weight loss with ether and the extract had strong trail-following activity to C. formosanus. C. formosanus also showed signiÞcant preference to saw dust decayed for 3 wk (21 d) rather than 6 wk (Cornelius et al. 2000) . Therefore, it is very unlikely that repellency to G. trabeum-infected wood could have affected its dispersal by C. formosanus in our experiments.
To our surprise, G. trabeum was not isolated even from the wood chips originally infected with G. trabeum in treatments with termites. This indicates that, for some reason, G. trabeum did not survive in the presence of Formosan subterranean termites. Although the wood decayed by G. trabeum is attractive and beneÞcial to most subterranean termites, including C. formosanus, Formosan subterranean termites are suppressing the growth of G. trabeum. This suggests that there is an antagonistic relationship between Formosan subterranean termites and G. trabeum. One of the reasons why Formosan subterranean termites would suppress the growth of G. trabeum might be that G. trabeum degrades and depolymerizes lignocelluloses of the wood, thereby depriving C. formosanus of the celluloses. Competition for the food source can result in antagonistic interactions among many species. Becker (1965) showed that G. trabeum Madison 617 decayed wood had detrimental inßuence on development of K. flavicollis and H. indicola. Similarly, G. trabeum decayed wood might be detrimental to C. formosanus, which would be another reason for C. formosanus to suppress the growth of G. trabeum.
Factors that were inhibiting the growth of G. trabeum are not yet known. The possibility of C. formosanus consuming the G. trabeum is unlikely, because G. trabeum was not isolated from the gut of C. formosanus. Batra and Batra (1966) observed that many fungi were present in the vicinity of the termitarium of Odontotermes gurdaspurensis Holmgren & Holmgren but absent in the termitarium, fungal combs, and royal chambers, which led to the conclusion that fungistatic substances might be present in the termitarium. Work done in our laboratory by Chen et al. (1998) and Wiltz et al. (1998) suggested that Formosan subterranean termites might be using naphthalene to inhibit the growth of microorganisms. This led us to speculate that C. formosanus might be using fungistatic substances such as naphthalene to inhibit the growth of G. trabeum. Rosengaus et al. (1998) stated that gramnegative bacteria found on fecal pellets of Zootermopsis angusticollis Hagen signiÞcantly reduced the spore germination of Metarhizium anisopliae (Metchnikoff) Sorokin. It is possible that Formosan subterranean termites likewise may use microorganisms to control the growth of G. trabeum.
Although G. trabeum was not isolated from any of the cultures made from treatments with termites, several green-spored fungi were isolated. Sand was ruled out as possible source of these other fungi, because sand was autoclaved. Termites were the only possible source of these other fungi. The green-spored fungi isolated from integuments and guts were identiÞed by Dr. Steven Carpenter (Abbey Lane Laboratory LLC, Philomath, OR) based on morphological and DNA analysis (Table 2) . We think that these green-spored fungi associated with termites may act as fungistats controlling the growth of G. trabeum. Experiments to see whether these green-spored fungi can control the growth of G. trabeum will be reported on in the near future.
In conclusion, although G. trabeum makes wood attractive and nutritionally important to C. formosanus, they did not spread the fungus but instead suppressed its growth. Although these results were unexpected, the competitive exclusion principle suggests that two species cannot coexist when they have identical needs of a limited resource. Fungi associated with Formosan subterranean termites are suspected fungistats. 
